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ABSTRACT 

01 i godeoxy r i bonucleot i des complementary to the DNA of the 
wild type (wt) bacteriophage *xl74 have been synthesized by the 
phosphotr Tester method. The oligomers, II, 1 , and 17 bases 
long, are complementary to the region of the DNA which accounts 
for the am-3 point mutation. When hybridized to am-3 DNA, the 
oligonucleotides form duplexes with a single base pair mismatch. 
The thermal stability of the duplexes formed between wt and am-3 
DN As has been measured* The am-3 DNA : o 1 i gomer duplexes dissoc- 
iate at a temperature about 10°C lower than the corresponding wt 
DNAioligomer duplexes. This dramatic decrease in thermal sta- 
bility due to a single mismatch makes it possible to eliminate 
the formation of the mismatched duplexes by the appropriate 
choice of hybridization temperature. These results are dis- 
cussed with respect to the use of oligonucleotides as probes for 
the isolation of specific cloned DNA sequences. 

j NTRODUCT ION 

Specific nucleic acid sequences such as r RN As , tRNAs, mRNAs , 
complementary DNA, or cloned DNA sequences have proven invalua- 
ble as biological probes when rad ioacti vety labeled in vivo or 
in vitro. These probes have been used in studies of nucleic 
acid complexity (see 1 for review), measurement of specific gene 
frequency (2), examination of sequence divergence (3). studies 
on transcription of specific genes (1), and most recently in de- 
tection and isolation of cloned gene sequences (4,5,6). Of the 
probes presently available, those for specific single copy genes 
are receiving the most attention. Unfortunately, only a handful 
of these probes are currently available. For the most part, 
single copy gene probes are derived from specific highly abun- 
dant mRNAs such as globin (6), ovalbumin (5), immunoglobulins 
(k) and others. At present, probes for single copy gene se- 
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quences whose mRNAs arc not abundant are very difficult to isolate. 

One promising alternative to the use of isolated naturally 
occurring nucleic acid probes, is the use of chemically synthe- 
sized o 1 i godeoxy r i bonuc 1 eot 1 de sequences. Recently, a specific 
13 nucleotide sequence complementary to the gene for yeast iso- 
1-cytochrome c was used to detect and isolate the gene sequence 
cloned in a bacteriophage A vector (7). This was possible be- 
cause the actual nucleotide sequence of a region of the gene 
could be deduced from genetic information. As a more general 
approach to the use of o 1 i godeoxy r i bonuc 1 eot i des as probes, we 
propose to use a chemically synthesized mixture of oligonucleo- 
tides whose sequences represent all possible codon combinations 
predicted from a particular peptide sequence within a protein. 
One of this mixture must be complementary to a region of DNA 
coding for the protein. Stringent hybridization criteria would 
then be used to select the single correct sequence from the mix- 
ture. As a preliminary investigation, we have chosen to study 
the hybridization behavior of three oligonucleotides, 11, 1 , 
and 17 bases long, to DNA from wild type (wt) and am-3 bacterio- 
phage $x17*». The three oligonucleotide sequences are complemen- 
tary to wt DNA at the region encompassing the am-3 point muta- 
tion (8). Duplexes formed between the oligonucleotides and am-3 
DNA contain a single mismatched base pair. This system repre- 
sents a useful model for the study of the effect of mismatched 
base pairs on duplex formation and stability. 

MATERIALS AND METHODS 

Synthesis of 0 I i god eoxy r i bonuc 1 eot i des 

The o 1 i godeoxy r i bon uc 1 eot i des were synthesized by the modi- 
fied triester method (9). Their use in synthetic DNA directed 
base change of *xl7^ DNA has been described previously (10). 
The oligonucleotides were gifts of Genentech, Inc., San Francisco. 
Preparation of Phage DNA 

The wt and am-3 DNAs were gifts from Dr. Aharon Razin. 

The DNAs were isolated from purified phage as described (11). 
Labeling of Oligonucleotides 

The synthesis of oligonucleotides leaved 5'0H. The oligo- 
nucleotides are labeled by transferring the * 2 P from [y~^ 2 P]ATP 
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(1000 Ci/mmole) with polynucleotide kinase (Boehringer Mannheim) 
as described (12). Oligonucleotide (0.2 ug) was labeled and 
separated from [y- 32 P]ATP by chromatography on Sephadex G-50. 
The excluded peak was pooled and used directly in hybridization 
expe r » men t s . 

Preparation and Hybridization of DNA filters 

The DNA was incubated in 0.2 N NaOH at 37°C for 30 minutes, 
neutralized with HC1 and brought to 6 X SSC at 0 P C. Nitrocellu- 
lose filters (Sartorlous Memb ranf i Iter, 2.5 cm, pore size 0.*»5 
u) were wet in H 2 0, washed in 6 X SSC (1 X SSC - 0.15 M NaCI, 
0.015 M sodium citrate, pH 7.2) and placed on a filter appara- 
tus. The amount of DNA loaded on the filters depended on the 
nature of the experiment. For the thermal denaturation experi- 
ments, 0.05 ug of wt and am-3 DNA were applied to each filter. 
For kinetic experiments, 0.005 ug wt DNA and 0.025 ug am-3 DNA 
were applied to each of ten filters. After application of DNA, 
the filters were baked at 80°C in vacuo for 4 hours. 

For hybridization, the filters were placed in 6 X SSC, 10 X 
Denhardt's [10 X Oenhardt's = 0.2% bovine serum albumin (Sigma), 
0.2% polyvinylpyrol idone (Sigma), 0.2% Ficoll (Sigma) (13)] at 
room temperature for 15 minutes. The solution was drained and 
replaced with 2 ml of hybridization solution (6 X SSC, 10 X Den- 
hardt's, 0.002 ug/ml 32 P labeled oligonucleotide). Unless 
otherwise stated, hybridization was performed at 12°C for 16 
hours. The filters were then washed with multiple changes of 6 
X SSC at 12°C, until no more radioactivity eluted. 
Thermal Denaturation 

Filters which had been hybridized and thoroughly washed as 
described above were used for thermal denaturation studies as 
follows: 5 ml of 6 X SSC was placed over the filter and the 
temperature raised to a specific point. Once the temperature 
had been reached, the filter was kept at that temperature for 
one minute, the 6 X SSC was then removed for measurement of the 
radioactivity eluted (in Aquasol 2, New England Nuclear). An 
additional 5 ml of 6 X SSC was then added and the procedure re- 
peated until the desired maximum temperature was reached. 

The radioactivity eluted at each temperature was integrated 
to determine the fraction of the duplex denatured as a function 
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of temperature. In order to determine the temperature at which 
one half of the oligonucleotide dissociates from the filter (T^), 
this data was fit to the error function by a nonlinear least 
squares fitting program as described previously (14,15). 

In each experiment, essentially all of the bound oligo- 
nucleotide was removed by the highest temperature wash. In add- 
ition, none of the <&xl74 DN A bound to the filter was lost during 
the procedure, since an equal amount of ^ 2 P-labeled oligonucleo- 
tide will hybridize to the same filter in a second or third ex- 
periment. 

Agarose Gel Electrophoresis 

Vertical agarose gels (SeaKem) were used to separate DN A 
samples for transfer to nitrocellulose. The gels were 15 cm X 
15 cm X 0.2 cm and were e 1 ec t ropho res ed at 200 volts for 2 hours. 
Undigested DNA was separated on }% agarose gels while Hae III 
digested *x!74 am-3 RF I DNA (Bethesda Research Laboratories) was 
separated on 2% agarose gels. After electrophoresis, gels were 
stained with 0.1 pg/ml ethidium bromide (Calb iochem) for 30 min- 
utes and photographed through an orange filter under an ultra- 
violet light source. The DNA was denatured by soaking the gel 
in 0.4 N NaOH, 0.8 M NaC I for 30 minutes. The gel was neutral- 
ized in 0.5 M tris-HCl, pH 7-6, 1.5 M NaCl for 30 minutes in the 
cold and the DNA transferred to nitrocellulose filters (Milli- 
pore HAWP 00010) as described by Southern (16). The filters 
were baked at 80°C in vacuo for at least 4 hours. 

The filters were hybridized in 6 X SSC, 10 X Denhardt's, 
3 2 

0.002 ug/ml * P-labeled oligonucleotide at the temperatures 
specified in each experiment. After hybridization the filters 
were washed in 500 ml 6 X SSC at 12°C, blotted dry and autorad- 
iographed using pre-f lashed Kodak XR-2 X-ray film exposed be- 
tween 2 intensifier screens (Cronex Lightning Plus, Dupont) at 
-80°C for 12-36 hours. 

RESULTS 

Thermal Stability of Oligonucleotide - $x174 DNA Duplexes 

In order to study the hybridization of synthetic oligode- 
oxyribonucleotides to natural DNA, we synthesized three oligo- 
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nucleotides of chain length 11, \k t and 17 which are complemen- 
tary to the single stranded DNA (+ strand) of the wild type (wt) 
bacteriophage $x 1 7 1 * . 

The 11 mer and 14 mer are synthetic intermediated of the 17 
mer. The 17 mer is complementary to nucleotides 575 through 591 
in the linear sequence of ^x^^ DNA reported by Sanger and co- 
workers. (8) (Figure 1). These sequences represent useful models 
for the study of single base pair mismatch since duplexes formed 
with am-3 *X , 7 i » DNA contain one A-C base pair [amber mutation is 

a G-*A transition at position 587 of the DNA sequence (Figure 1)]. 

32 

For hybridization of "* P-labeled oligonucleotides to wt and 
am-3 *xl7^ DNA, the phage DNA was immobilized on nitrocellulose 
filters. Initially, hybridizations were performed at 12°C in 6 
X SSC, 10 X Denhardt's ([Na + ] « 1.2 M) (see Materials and Meth- 
ods). From previously published results (17-20), the duplexes 
formed between the 11 mer, )k mer or 17 mer and wt DNA were 
expected to be rather stable with Tin's greater than 30°C. Under 
the conditions of the hybridization or the subsequent washing of 
the filters (in 6 X SSC), the oligonucleotides do not adhere 



Base Pairs 



C 

3'AACA / X CCTATG5' 

JAACA % C€ "V &T6GGA5* i4m*r 

A 

3'AACA CCTATGGGAGCG5' . itmt 
- CGC T GGACriTGT 0GATACCCTC6CTTT - 
A 



- 1,078 
I — 372 



iiiii 



310 

278 . 27V 

234 

194 



— 118 



FIGURE !• A representation of the mismatched duplexes formed 
between the three oligonucleotides and am-3 *xW» DNA . On the 
right, am-3 *X 1 7 I » RFI DNA, which was digested with Hae Ml, was 
electrophoresed on a 2% agarose gel and blotted onto nitrocellu- 
lose as described in Materials and Methods. The filter was hy- 
bridized to 32 P-1abeled 14 mer at 12°C, washed at 12°C and auto- 
ra d i og raphed . I t can be seen that hybridization is to the 23^ 
base pair long restriction fragment which contains the am-3 
mutation at nucleotide 587 (8). 
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nonspec i f i ca 1 1 y to the nitrocellulose (see Figure 1). 

The hybridization of all 3 oligonucleotides to wt *x^7^ uNA 
was quite efficient. Between 13 and 22% of the sites on the 
phage DN A molecules hybridize with the labeled oligomers (Table 
I). The stability of the o 1 i gonuc 1 eot i de- wt DN A duplexes were 
examined by thermal denaturat ion . Filters which had been hy- 
bridized and washed at 12°C were heated to various temperatures 
in 6 X SSC and the radioactivity which eluted was measured. The 
thermal denaturation profiles are presented in Figure 2. The 
data is summarized in Table 1. Note that the parameter T . , the 




TEMPERATURE (°C) 



FIGURE 2, Thermal denaturation of ol i gonuc leot i de-w i Id type 
♦ DN A duplexes. The 11 nucleotide (•) 9 the 1 4 nucleotide 

(■) , and 17 nucleotide (X) probes shown in Figure 1 were labeled 
with [ 32 P] in the 5* end and hybridized to wild type *xW» DNA 
immobilized on nitrocellulose filters. The hybridization was 
performed in 6 X SSC, 10 X Denhardt's (13) and 0.002 ug probe/ml. 
The filters were washed in 6 X SSC and subjected to thermal de- 
naturation. The radioactivity eluted at each temperature was 
measured and is plotted as the fraction of the total probe be- . 
coming single stranded at each temperature. 
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Table 1. 

Effect of mismatch on hybridization of oligonucleotides probes to *x*74 dna, 



Number 
Nucleotides 
In Probe 


*X»74 DNA 
Hybridized 


Number 
Nucleotides 
In Duplex 


% Sites 
Hybridized 


% G+C 
In Duplex 


T d a Observed 1 * 
<C«) 


1 1 


wt 


1 1 


20 


46 


33.2 ± 0.4 


1 1 


am- 3 


10 








14 


25 


14 


13.6 


50 


40.6 ± 0.7 


14 


am- 3 


13 


2.9 


43 


31.1 ± 0.8 


17 


wt 


17 


22.6 


59 


55.1 ± 0.8 


17 


am- 3 


16 


11.3 


53 


43.5 ± 0.3 



a is the temperature at which one half of the duplexes are 

dissociated under the conditions of the experiments. 

b The error estimates represent the error in the Tj parameter 
as calculated by the least squares fitting program. 



temperature at which one half of the duplexes are dissociated, 
is used rather than Tm since the experiment does not allow di- 
rect measurement of Tm in a t hermody nam i ca 1 1 y rigorous way. As 
expected, an increase in thermal stability is seen with an in- 
crease in duplex length. 

Compared to the wt DNA, hybridization of the 3 oligonucleo- 
tides to am-3 DNA is much less efficient (Table 1). In fact, 
the level of hybridization of the 11 mer to am-3 DNA was barely 

above background and determination of an accurate T. was not 

a 

possible. The thermal denaturation profiles of the oligonucleo- 
tide-am-3 DNA duplexes are presented in Figure 3. The oligo- 
nuc 1 eo t i de-wt DNA melts are plotted for comparison. The data is 
summarized in Table 1. It can be seen that the thermal stabi- 
lity of the 1*1 mer and 17 mer duplexes with am-3 DNA is much 
lower than that of the corresponding wt duplexes. 

The substantial difference in the thermal stability of per- 
fectly matched and mismatch duplexes suggests that hybridization 
of the oligonucleotides to am-3 DNA could be eliminated with 
little, if any, effect on hybridization to wt DNA by the appro- 
priate choice of either filter wash temperature or hybridization 
temperature. To test this prediction, wt and am-3 DN As were 
electrophoresed in adjacent lanes of a }% agarose gel. The DNA 
in the gel was transferred to nitrocellulose essentially as de- 
scribed by Southern (16). The filter strips were hybridized at 
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0 20 40 60 80 100 0 20 40 60 80 100 

Temperature (°C) 



FIGURE 3i Thermal denaturation of o) igonuc leot i de-wi Id type 
*X 1 DNA (■) and o 1 i gonuc 1 eo t i de-am- 3 tx'/ 1 * DN A (•) duplexes. 
The hybridization and thermal denaturation were performed as in 
Figure 2. Left 14-mer and right 17-mer. 

12°C with * P-labeled I J mer, 1 k mer or 17 mer, washed at 12°C 
and au torad i ographed . Figure 4a shows the autorad iograph ob- 
tained. Hybridization to wt DNA is approximately equal for all 
_3 oligonucleotides. The level of hybridization to am-3 DNA , on 
the other hand, is dependent on the length of the oligonucleo- 
tide. Very little hybridization to am-3 DNA is seen for the 11 
mer, a slightly greater amount for the 14 mer, while hybridiza- 
tion of the 17 mer to am-3 DNA approaches that to wt DNA (see 
Table I for comparison). After autoradiography, the filter 
strips were rewashed at higher temperatures, 30°C for the 11 mer, 
37°C for the 14 mer, and 50°C for the 17 mer. The autorad iograph 
of the rewashed filters is shown in Figure 4b. It can be seen 
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11 14 17 




11 14 17 



FIGURE 4. Effect of filter wash temperature on hybridization 
of T2 P-labe1ed oligonucleotides to wt and am-3 DN A • Equal 

amounts of single stranded wt (on the left) and am-3 DNA (on the 
right) were e 1 ec t rophoresed on \% agarose gels and blotted onto 
nitrocellulose filters as described in Materials and Methods. 
Three filters, each containing one band of wt and one of am-3 
DNA, were hybridized with 32 P-labeled 11-mer, U-mer, and 17- 
me r at 12°C. The filters were washed at 12°C and autoradio- 
graphed overnight with pref lashed X-ray film between two screens 
at -80°C (A). The filters were then rewashed at 30°C (11-mer), 
37°C (U-mer) and 50°C (17-mer) and re-au torad i og raphed ( B ) . 



that hybridization to the am-3 DNA is virtually eliminated in 
each case while hybridization to wt DNA is only diminished 
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si ightly . 

Oligonucleotide Hybridization at Elevated Temperatures 

In order to examine the effect of hybridization temperature 
on the formation of non-mismatched or mismatched duplexes, wt 
and am-3 DNAs were el ectrophoresed in alternate lanes of a )% 
agarose get and the ONA transferred to a nitrocellulose filter. 
The filter was cut into strips containing one band of wt and 
one of am-3 ONA each. The strips were hybridized in 6 X SSC, 
10 X Denhardt's, 0.002 ug 32 P-labe1ed 1 k mer/ml at J2°C t 25°C, 
30°C, 35°C, and kO°C p washed at 12°C, and au to rad i og raphed . The 
results are shown in Figure 5. It can be seen that hybridiza- 
tion to am-3 DNA is dramatically reduced at 25°C and higher. 
Hybridization to wt DNA is not affected between 25°C and 35°C 
with only a slight decrease in hybridization at 40°C (1°C below 




FIGURE 5, Effect of hybridization temperature on the formation 
of duplexes between 32 P-1abeled 14-mer and wt (on the left) and 
am-3 DNA (on the right). Equal amounts of wt and am-3 DNAs were 
elect rophoresed in alternate lanes of a \% agarose gel and blot- 
ted onto nitrocellulose filters. The filters were cut into 
strips and hybridized at various temperatures (12°, 25°, 30°, 
35° and *t0°C) as described in Materials and Methods. The strips 
were then removed from the hybridization solution, washed brief- 
ly at 12°C and a u to ra d i og r aphed . 
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v- 

Kinetics of 0 1? gonuc 1 eo t i de Hybridization 

In order to determine the optimum time required for oligo- 
nucleotide hybridization, the kinetics of duplex formation were 
measured. Multiple filters containing wt or am-3 DNA were pre- 
pared. Individual filters were hybridized for various time, 
washed immediately to remove unbound probe and the radioactivity 
measured. Figure 6 shows the kinetics of hybridization of ^ 2 P- 
labeled 1 k mer to wt and am-3 DNA at 12°C and wt DNA at 37°C. 
The data is plotted as equivalent Cot versus fraction hybrid- 
ized. The data has been fit to a first order rate equation (J**). 
The rate constants and Cot h are presented in Table 2. The mea- 
sured rate constant is within a factor of 3 (for 37°C) that cal- 
culated by the equation of Wetmur and Davidson (22). 



Figure 6. 




wt DNA at 12°C (■) and 37°C (•) and to am-3 DNA at 12°C (A). 
Individual filters containing 0.005 ug wt DNA or 0.025 Mg am-3 
DNA were hybridized for various times in 6 X SSC (1.2 M Na + ) , 
the filters washed, and the radioactivity determined. The Cot 
was corrected for hybridization in 0.18 M Na + as described (21). 
The data was fit to a first order rate equation by a non-1 inear- 
least-square fitting program as described (1*4,15). 
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Table 2. 

Kinetics of hybridization of 32 P - labeled ]k MER T0 $ X i74 dna. 





Temp . 


k a 


Cot»s b 


(mo 1 e 


*Xl74 


DNA (°C) 


(M-'-sec) 


rtuc 1 eot i de 




wt 


12 


1251 t 321 


5.5 


X 10"* 


wt 


37 


4037 ± 960 


\ .72 


X 10"* 


am- 


3 12 


722 ± 79 


9.6 


X 10"* 




Calculated 0 
kinetic parameters 


10440 


6.6 


X I0~ 5 



a Rate constant calculated for a first order reaction as de- 
scribed (14, '5). 

b Cot*s is calculated from k (ln2/fc). All data has been cor- 
rected for hybridization In 0.18 M Ma + (21). 

c Rate constant is calculated as described by Wetmur and 

Davidson (22) and corrected for 0.18 M Na + as described (21). 

D I SCUSS I ON 

This study has taken advantage of the naturally occurring 
base substitution in DNA resulting in the am-3 point muta- 

tion (8). As such, the effects of single base pair mismatch ex- 
amined here refer only to this single example, an A-C base pair 
flanked on one side by four base pairs and on the other by 6 to 
12 base pairs. Many previous studies have examined the effects 
of mismatch in model RNA (23,24) and DNA homo- and copolymers 
(25.26). Very few studies, however, have examined the effects 
of single base pair mismatch on duplexes formed between oligo- 
deoxy r i bonuc 1 eot i des and naturally occurring DNA sequences. It 
was the main purpose of this study to examine the effects of 
such mismatches for a defined naturally occurring DNA in order 
to establish conditions under which the formation of mismatched 
duplexes could be eliminated. Such conditions are necessary in 
order to use the specificity of oligonucleotide hybridization as 
a probe for defined DNA sequences. 

Montgomery, et al. (7) have recently reported the use of an 
o I t godeoxy r i bonuc I eot i de of defined sequence as a probe to iso- 
late the yeast gene for cytochrome c. While the 13 nucleotide 
probe was used successfully in the isolation of the cloned cyto- 
chrome c gene, the authors pointed out many difficulties which 

were encountered. Among these were the poor reproducibility of 

32 

hybridization of the J P-labeled 13 mer from experiment to ex- 
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periment and the poor signal obtained with the labeled probe in 
the plaque screening assay. Model studies such as this one are 
very useful, therefore, in establishing conditions which opti- 
mize signal and minimize nonspecific interactions. 

The single base pair mismatch in the duplexes formed be- 
tween the 14- and 1 7- nuc 1 eot i de oligomers and am-3 *x!74 
DNA has a significant destabilizing effect. The single base 
pair mismatch in the case of the 17 mer and the 14 mer resulted 
in complexes with a thermal stability approximately equivalent 
to a non-mismatched duplex three base pairs shorter (Table 1). 
A similar degree of des t a b i 1 i za t i on has been reported for vari- 
ous single and multiple mismatched base pairs in oligonucleotide 
duplexes by Dodgson and Wells (26). The lower thermal stability 
of the am-3 DNAioligomer hybrids make it possible to differen- 
tiate between the mismatched and non-mismatched duplexes by the 
appropriate choice of filter wash temperature (Figure 4) or hy- 
bridization temperature (Figure 5). These results demonstrate 
the high degree of specificity which can be achieved using oligo- 
nucleotide probes. 

In addition to the effects on thermal stability, a single 
base pair mismatch has a significant effect on the level of hy- 
bridization achieved. This is most clearly seen in the auto- 
radiograph shown in Figure 4. At lower temperature (12°C), the 
level of hybridization of oligomer to wt DNA is approximately 
equal for all three (11 to 17) while the 1 eve 1 of hybridization 
to am-3 is dependent on the length of the oligomer. The reason 
for this phenomenon is not known, however, an examination of the 
rates of hybridization of the 14 mer to wt and am-3 DNAs (Figure 
6) demonstrate that the difference in the levels of hybridiza- 
tion are not due to a lower rate of formation of the mismatched 
duplexes (at low temperatures). It is conceivable that the rate 
of dissociation of the mismatched duplexes is greater than those 
of perfectly matched duplexes and that this is responsible for 
the lower levels of hybridization to am-3 DNA over wt DNA. 

ACKNOWLEDGEMENTS 

This work was supported by USPHS grants to James Bonner 



3555 



Nucleic Acids Research 



(GM-13762) and Keiichi itakura (GM-25658) and funds from NIH 
Biomedical Research Support Grant 5S07 RR05471-16 to the City of 
Hope National Medical Center. We are grateful to the excellent 
technical assistance of Merrle Jo Johnson. 



REFERENCES 



1. Wallace, R . B . (1978) The Cell. Nucleus; Busch, H . , Ed.; 
Vol. 6, pp. 35-74; Academic Press, New York. 

2. Lewin, B. (1975) Cell 4 , 77-93. 

3. Davidson, E.H. (1976) 'Gene Activity in Early Develop- 
ment*; Academic Press, New York. 

4. Tonegawa, S.; Brack, C; Hozumi, N. and Schuller, R. ( 1977) 
Proc. Nat. Acad. Sci. USA 74, 3518-3522. 

5. Garapin, A.C.; Lepennec, J. P.; Roskam, W.; Perrin, F.; 
Cami, B.; Krust, A.; Breathnach, R.; Chambon, P. and 
Kourilsky, P. (1978) Nature 273, 349-354. 

6. Maniatis, T.; Haridson, R.C.; Lacy, E . ; Lauer, J.; O'Connell, 
C; Quon, D.; Sim, G.K. and Efstrat iad i s , A. (1978) Cell 
15, 687-701. 

7. Montgomery, D.L.; Hall, B.D.; Gillam, S. and Smith, M. 
(»978) Cell 14, 673-680. 

8. Sanger, F.; Air, G.M.; Barrel!, B.G.; Brown, N.L.; Coulson, 
A.R.; Fiddes, J.C.; Hutchison, C.A.; Slocombe, P.M. and 
Smith, M. (1977) Nature 264, 687. 

9. Hirose, T.; Crea, R. and Itakura, K. (1978) Tetrahedron 
Letters, No. 28, 2449-2452. 

10. Razin, A.; Hirose, T.; Itakura, K. and Riggs, A . D . (1978) 
Proc. Nat. Acad. Sci. USA 75, 4268-4271. 

11. Razin, A.; Sedat, J.W. and Sinsheimer, R.L. (1970) J.Mol. 
Biol. 53, 251-259. 

12. Sgaramella, V. and Khorana, H.G. (1972) J. Mol . Biol. 72, 
427-444. 

13. Denhardt, D.T. (1966) Biochem. Biophs. Res. Comm. 23, 641. 

14. Murphy, R.F.; Pearson, W.R. and Bonner, J. (1979) Manu- 
script submitted to Nucleic Acids Research. 

15. Pearson, W.R.; Davidson, E.H. and Britten, R.J. (1977) 
Nucleic Acid Res. 4, 1727-1737. 

16. Southern, E.M. (1975) J. Mol. Biol. 98, 503-517. 

17. Doel, M.T. and Smith, M. (1973) FEBS Letters 34, 99-102. 

18. Wu. R. (1972) Nature New. Biol. 236, 198-200. 

19. Padmanabhan, R . ; Padmanabhan, R. and Wu, R. (1972) Bio- 
chem. Biophys, Res. Comm. 48, 1295-1302. 

20. Besmer, P.; Miller, R.C.; Caruthers, M.H.; Kumar, A.; Mina- 
moto, K. ; van de Sande, J.H.; Sidavara, N. and Khorana, H.G. 
(1972) J. Mol. Biol. 72, 503-522. 

21. Britten, R.J.; Graham, D.E. and Neufeld, B.R. (1974) 
'Methods in Enzymology'; Grossman, L. and Moldave, K., 
Eds.; Vol. 29, Pt. E, pp. 363; Academic Press. 

22. Wetmur J.G. and Davidson, N. (1968) J. Mol. Biol. 31. 
349-370. 

23. Uhlenbeck, O.C.; Martin, F.H. and Doty, P. (1971) J . Mol. 
Biol. 57, 217-229. 



35S6 



Nucleic Acids Research 



24. Borer, P.N.; Dengler, B. 
(1974) J. Mol. Biol. 86 

25. Gillam, S.; Waterman, K. 
Acid Res. 2 f 625-634. 

26. Dodgson, J.B. and Wells, 
2367-2374. 



; Tinoco, I. and Uhlenbeck, O.C. 
, 843-853. 
and Smith, M . (1975) Nucleic 

R.D. (1977) Biochemistry 16, 



3557 



